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1.  Introduction 


Passive  millimeter-wave  (MMW)  sensors  that  use  the  latest  developments 
in  monolithic  microwave  integrated  circuit  (MMIC)  technology  and  signal 
processing  techniques  are  currently  being  developed  for  a  variety  of  mili¬ 
tary  and  civilian  applications  [1-5].  Advances  in  W-band  low-noise  receiv¬ 
ers,  detectors,  and  processing  methods  have  improved  the  possible 
performance  of  these  sensors.  As  a  result,  theoretical  predictions  of  poten¬ 
tial  system  performance  are  required  to  support  the  development  of  these 
new  sensor  designs.  This  report  supports  the  Army  Research  Laboratory’s 
(ARL’s)  passive  MMW  imager  program  and  presents  a  general  approach  to 
the  prediction  of  passive  MMW  imager  system  performance  in  a  variety  of 
weather  conditions. 

Passive  MMW  sensors  can  be  used  when  clouds,  fog,  or  other  atmospheric 
effects  disrupt  the  imaging  capabilities  of  other  types  of  passive  sensors 
such  as  forward-looking  infrared  (FLIR)  and  optical  sensors.  Passive 
MMW  imagers,  though,  have  a  lower  spatial  resolution  than  these  other 
sensors,  and  some  types  of  weather  will  severely  degrade  a  MMW  imager’s 
performance.  The  purpose  of  this  report  is  to  assess  the  performance  of  pas¬ 
sive  MMW  sensors  operating  at  about  94  GHz  for  a  variety  of  atmospheric 
conditions  and  in  a  few  scenarios  that  are  of  interest  to  the  Army.  The 
atmospheric  conditions  modeled  are  common  weather  scenarios  and  are 
meant  to  represent  possible  sensor  operating  conditions.  All  imager  system 
parameters  are  left  out  of  the  analysis  except  for  antenna  size  and  center  fre¬ 
quency.  Included,  however,  is  a  description  of  the  variation  that  occurs  in 
system  performance  with  various  receiver  noise  figures  so  that  the  analysis 
can  be  applied  to  a  variety  of  sensors. 

Three  imaging  scenarios  have  been  chosen  for  this  study.  The  first  is  a 
ground-based  sensor  and  an  armored  vehicle  target.  The  second  scenario 
represents  an  airborne  sensor  and  an  armored  vehicle  target,  and  the  third 
represents  an  imager  mounted  on  an  aircraft  that  is  landing  on  a  concrete 
runway.  Predicted  image  quality  is  assessed  by  calculating  the  scene  tem¬ 
perature  contrast  that  is  present  at  the  sensor  antenna  and  comparing  this  to 
system  temperature  resolution. 

This  study  is  organized  into  the  following  sections: 

MMW  Radiometry  Theory — basic  equations  describing  passive  MMW 
imaging  phenomena. 

Atmospheric  Effects  Theory — atmospheric  models  used  to  calculate  MMW 
signal  attenuation. 

Results — details  of  scene  temperature  calculations  and  presentation  of 
results. 
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Discussion — possible  use  of  results  for  Army  applications. 

Conclusion — summary  of  results. 

2.  MMW  Radiometry  Theory 

Typically,  Earth-observing  radiometers  are  used  to  image  a  scene  com¬ 
posed  of  a  wide  variety  of  objects  that  naturally  emit  and  reflect  MMW 
radiation.  The  amount  of  radiation  emitted  by  an  object  is  proportional  to  its 
physical  temperature.  For  the  case  of  a  black  body,  this  radiation  is 
described  by  the  Rayleigh- Jeans  approximation  of  Planck’s  law  for  black 
bodies.  This  equation,  written  in  terms  of  thermal  source  brightness,  is 

B=^,  (1) 

where  B  is  the  thermal  source  brightness  in  units  of  watts/meters^/hertz/ 
steradian,  k  is  Boltzmann’s  constant  in  joules/Kelvin,  T  is  the  physical  tem¬ 
perature  of  the  source  in  Kelvin,  and  A  is  the  signal  wavelength  in  meters. 
As  equation  (1)  indicates,  temperature  is  directly  proportional  to  the  ther¬ 
mal  source  brightness  and  thus  the  MMW  power  emitted  by  a  black  body 
source. 

Most  of  the  objects  in  a  radiometer  scene  are  not  black  bodies.  That  is,  they 
have  emissivities  of  less  than  one.  So,  to  correctly  calculate  the  power  emit¬ 
ted  by  an  object  in  a  radiometer  scene,  the  physical  temperature  of  the 
object  must  be  multiplied  by  its  MMW  emissivity.  So  we  have  for  non¬ 
black  bodies 


Be  =  e^-,  (2) 

A^ 

where  is  the  effective  thermal  source  brightness  and  e  is  the  MMW 
emissivity  of  the  object.  This  equation  shows  a  linear  relationship  between 
the  temperature  of  any  object  in  the  radiometer  scene  and  the  power  that  it 
emits.  This  makes  it  convenient  to  express  the  equations  governing  MMW 
radiometry  in  terms  of  temperature,  as  will  be  done  in  this  report. 

In  order  to  analyze  the  passive  MMW  detection  and  imaging  of  a  target 
embedded  in  a  scene,  the  sources  of  radiation  present  are  divided  into  four 
categories:  emissions  from  the  target,  emissions  and  reflections  from  the 
scene  surrounding  the  target,  target  reflections  of  sources  inside  or  outside 
the  scene,  and  emissions  of  the  atmosphere  within  the  field  of  view  of  the 
sensor  [6].  The  temperature  present  at  the  sensor  antenna  can  be  written  as 
a  sum  of  temperatures: 

'^otal  ~  "target  "background  "Reflected  "^tmos  > 
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where  is  in  Kelvin.  The  expression  does  not  include  the  temperature 
added  by  the  sensor,  as  will  be  discussed  later.  Following  is  a  description  of 
each  of  the  terms  in  equation  (3). 

The  temperature  present  at  the  antenna  due  to  target  emissions  is  propor¬ 
tional  to  the  product  of  the  target’s  physical  temperature  and  its  emissivity, 
and  is  written 


target 


zTr\ 


(4) 


where  rj  is  the  ratio  of  the  target  area  to  the  entire  area  covered  by  the  sen¬ 
sor  antenna  beam  (fill  factor),  and  is  the  atmospheric  absorption  factor  of 
the  air  between  the  target  and  the  sensor.  is  given  by 


a 


(5) 


where  is  the  atmospheric  attenuation  in  decibels/kilometer  and  R  is  the 
distance  from  the  sensor  to  the  target  in  meters.  often  varies  over  the 
signal  path  between  the  scene  and  the  sensor.  In  some  cases,  though,  it  can 
be  considered  constant  with  a  reasonable  degree  of  accuracy.  The  part  of 
the  scene  temperature  that  is  due  to  the  background  around  the  target  within 
the  sensor  antenna  beam  is  expressed  as  a  sum  of  emissions  from  the  back¬ 
ground  and  reflections  of  sky  radiation  by  the  background,  and  is  given  by 


^background " 


(1  ~ ^^)^sky 


(1-h)  / 


(6) 


where  is  the  emissivity  of  the  background,  is  the  physical  temperature 
of  the  background,  and  is  the  noise  equivalent  sky  temperature  incident 
upon  the  target  area.  This  value  is  given  by  the  expression 


T  T 
'^sky—  ^atm 


(7) 


where  is  the  mean  atmospheric  temperature,  usually  taken  to  be  290  K; 

is  the  total  zenith  absorption  factor  of  the  atmosphere  above  the  target; 
and  T^iy  is  the  MMW  cosmic  background  radiation  temperature  of  3  K.  This 
expression  approximates  the  contribution  of  the  atmosphere  and  the  cosmic 
background  to  the  overall  sky  temperature  by  only  considering  contribu¬ 
tions  from  the  zenith.  This  is  approximately  correct  over  ±70  degrees  from 
the  zenith,  beyond  which  sky  temperatures  rapidly  approach  290  K  [7].  For 
cases  such  as  the  landing-aid  scenario,  where  the  background  has  a  high 
reflectivity  and  is  being  viewed  at  a  grazing  angle,  a  new  expression  must 
be  used. 
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The  part  of  the  measured  scene  due  to  reflections  of  ^sky  by  the  target  is 
given  by 


_  (1  ^y^sky^ 

^reflected  f 


(8) 


Again,  I  assume  that  most  of  the  sky  radiation  that  is  reflected  by  the  target 
and  is  incident  upon  the  antenna  is  not  from  the  horizon.  The  last  source  of 
MMW  radiation  that  is  incident  upon  the  antenna  is  due  to  the  emission  of 
the  atmosphere  between  the  target  and  the  sensor.  This  is  expressed  as 


Tatmos  =  ’'^l-4).  W 

where  is  the  ambient  temperature.  As  can  be  seen,  if  the  attenuation  of 
the  atmosphere  is  small,  then  its  MMW  radiation  contribution  goes  to  zero. 
These  equations  were  used  to  calculate  the  theoretical  scene  temperatures 
incident  upon  the  antenna  of  a  radiometer,  as  is  discussed  in  section  4.  The 
values  of  MMW  atmospheric  attenuation  and  material  emissivity  are 
available  from  the  literature  for  many  atmospheric  conditions  and  scene 
materials  [7-12].  Section  4  gives  a  detailed  description  of  the  models  used 
to  calculate  the  theoretical  scene  temperatures. 

A  MMW  radiometer,  being  an  imperfect  sensor,  attenuates  received  signals 
and  can  have  a  large  noise  level  compared  to  the  radiation  signal  it  receives. 
Because  of  this,  an  important  performance  parameter  of  any  radiometer  is 
the  standard  deviation  of  its  noise,  or  minimum  temperature  resolution. 
This  quantity  is  essentially  a  measure  of  the  degree  to  which  a  system  can 
detect  small  scene  temperature  changes  and  is  expressed  as  [7] 


FT 


^/Bx  ■ 


(10) 


In  this  expression,  F  is  the  cascaded  receiver  noise  figure,  B  is  the 
receiver’s  bandwidth,  K  is  a  constant  that  depends  on  the  type  of  radiometer 
used,  and  x  is  the  signal  integration  time.  As  can  be  seen,  increasing  the 
detection  bandwidth  or  integration  time  and  decreasing  the  noise  figure  can 
minimize  and  thereby  improve  system  sensitivity. 

Many  radiometers  produce  a  large  noise  signal  at  their  output  that  is  due  to 
system  noise.  This  signal  can  be  represented  by  the  quantity  of  system  noise 
temperature,  T^,  where  T^=(F-  l)T^.  This  quantity  can  easily  be  3000  K 
or  higher.  Detecting  small  changes  (~1  K)  in  scene  temperature  on  top  of 
this  large  system  noise  signal  requires  that  the  noise  level  of  the  receiver  be 
very  stable  over  time.  As  a  method  to  avoid  this  problem,  it  is  common  to 
build  a  noise  subtraction  device  into  a  radiometer.  Conunonly,  the  device 
used  is  an  RF  switch  that  periodically  switches  the  input  of  the  sensor  to  a 


reference  noise  source  or  load  (Dicke  switch  radiometer)  [13].  This  refer¬ 
ence  signal  level  is  subtracted  from  the  scene  signal  during  processing  and 
removes  system  gain  variations  from  the  measurement.  The  duty  cycle  of 
this  switch  affects  the  value  of  k  in  equation  (10).  A  50-percent  duty  cycle 
on  the  switch  would  make  K  =  v/2  . 


3.  Atmospheric  Effects  Theory 

The  scene  temperatures  measured  with  a  passive  MMW  imager  are 
strongly  affected  by  atmospheric  conditions.  At  MMW  frequencies,  the  pri¬ 
mary  sources  of  attenuation  in  the  atmosphere  are  water  vapor  and  liquid 
water.  The  data  presented  later  in  this  report  are  calculations  based  on  the 
modeling  of  MMW  atmospheric  attenuation  for  varying  amounts  of  water 
vapor,  fog,  clouds,  and  rain.  The  equations  describing  MMW  attenuation 
for  these  conditions  are  well  established  and  are  presented  below  [14]. 

Attenuation  due  to  water  vapor  in  the  air  in  units  of  decibels/kilometer  is 
given  by  the  expression 

ay  =  coQ^  ,  (11) 

where  v  is  the  water  vapor  density  of  the  air  in  g/m^,  9  is  defined  as  300/r, 
where  T  is  the  atmospheric  temperature  in  Kelvin;  and  c  and  y  are  constants 
that  depend  on  frequency.  For  frequencies  near  94  GHz,  c  =  0.049  and 
y  =  2.4.  The  expression  assumes  that  the  atmospheric  pressure  is  constant  at 
101  kPa. 

Attenuation  due  to  fog  is  expressed  in  decibels/kilometer  as 


af^bfdV  ,  (12) 

where  /is  the  suspended  liquid  water  content  of  the  fog  in  g/m^  and  b  and  y 
are  frequency-dependent  constants  of  3.45  and  3.6,  respectively,  for  fre¬ 
quencies  near  94  GHz.  The  attenuation  due  to  clouds  is  given  by  the  same 
equation  since  the  attenuation  phenomena  are  basically  the  same. 

The  attenuation  of  MMW  radiation  by  rain  is  given  in  decibels/kilometer 
by  the  expression 


a^  =  aR^  ,  (13) 

where  R  is  the  rain  rate  in  millimeters  per  hour  and  a  and  x  are  frequency- 
dependent  constants  of  1.03  and  0.76,  respectively,  for  frequencies  near 
94  GHz  and  rain  rates  less  than  25  mm/hr. 
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Another  atmospheric  parameter  that  was  required  for  the  modeling  was  the 
clear  air  MMW  zenith  attenuation.  In  clear  air,  the  theoretical  value  is  an 
integral  of  the  altitude-dependent  attenuation  from  ground  level  up  to  sev¬ 
eral  kilometers.  The  calculation  is  often  performed  by  quantizing  the 
atmosphere  into  altitude  layers  that  each  have  specific  attenuation  charac¬ 
teristics  (U.S.  Standard  Atmosphere).  A  sufficient  quantity  of  theoretical 
zenith  attenuation  data  was  not  found  for  this  study,  so  measured  zenith  at¬ 
tenuation  test  data  were  used  because  of  their  availability  [14].  Other 
sources  of  zenith  attenuation,  such  as  clouds  and  rain,  were  calculated  and 
added  to  the  clear  air  value  to  give  the  overall  zenith  attenuation  value  used 
for  a  given  set  of  environmental  conditions. 


4.  Results 


The  algorithm  written  to  calculate  radiometer  performance  incorporates  the 
concepts  and  equations  explained  in  the  previous  two  sections.  The  focus  of 
the  algorithm  was  to  simulate  three  scenarios  that  are  considered  to  be  pos¬ 
sible  Army  applications  of  MMW  radiometer  technology.  The  three  sce¬ 
narios  of  interest  are:  a  ground-based  armored  vehicle  imager,  an  airborne 
imager  of  armored  vehicles,  and  a  passive  landing  system  able  to 
image  concrete  runways  through  fog.  The  modeling  of  the  sensor  required 
that  assumptions  be  made  about  its  antenna  characteristics,  and  the  algo¬ 
rithm  results  are  therefore  specific  to  those  parameters.  The  variation  of  the 
results  with  different  antenna  parameters  will  be  discussed  in  section  5. 
Emissivity  and  object  sizes  were  considered  when  calculating  scene  tem¬ 
peratures.  The  results  of  these  calculations  are  presented  in  graphs  of  AT 
versus  range,  where  AT  is  the  temperature  difference  between  an  image 
pixel  (beam  position)  that  is  pointed  at  the  target  and  an  image  pixel  that  is 
not.  A  comparison  of  this  value  to  the  minimum  temperature  resolution, 
ATjnjn,  of  a  radiometer  indicates  whether  the  sensor  can  detect  the  target  in 
its  field  of  view. 

4.1  Armored  Target  Imaging 

The  armored  target  imaging  scenarios  (ground-based  and  air-based)  present 
very  similar  modeling  problems.  Obviously,  the  principal  similarity  is  that 
they  both  require  calculating  the  MMW  signal  emissions  and  reflections  of 
an  armored  target,  although  from  different  aspect  angles.  A  metal  target  on 
the  ground  stands  out  in  a  MMW  radiometer  image  because  it  has  a  low 
emissivity  at  MMW  frequencies  and  therefore  reflects  the  sky,  which  often 
has  an  emitted  signal  strength,  or  temperature,  lower  than  the  background 
temperature  (nominally  290  K).  So,  a  metal  target’s  temperature  primarily 
varies  with  sky  temperature,  as  opposed  to  a  highly  emissive  target,  whose 
MMW  temperature  varies  with  its  physical  temperature.  For  this  rea¬ 
son,  armored  targets  often  appear  colder  than  their  surroundings  in  a 
MMW  radiometer  image.  How  much  colder  the  target  appears  depends  on  a 
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number  of  things.  If  there  is  a  great  deal  of  moisture  in  the  air  above  the  tar¬ 
get  or  between  the  target  and  the  sensor,  the  target  temperature  incident 
upon  the  antenna  is  higher  than  it  would  be  in  clear  conditions  due  to  the 
high  MMW  emissions  of  the  moist  air.  The  other  main  factor  that  affects  a 
target’s  MMW  temperature  is  the  shape  and  orientation  of  its  reflecting  sur¬ 
faces.  A  target  usually  reflects  radiation  from  a  variety  of  directions  at  vari¬ 
ous  noise  equivalent  temperatures.  The  parts  of  the  target  that  reflect  the 
background  or  the  horizon  blend  in  with  the  background  and  effectively 
reduce  the  cross-sectional  area  of  the  target  that  can  be  detected  with  the 
sensor.  Rather  than  ray  trace  all  the  MMW  signals  involved  in  each  sce¬ 
nario  to  calculate  a  scene  temperature,  it  is  often  simplest  to  estimate  the 
percentage  of  the  target  surface  area  that  is  reflecting  the  cold  sky  (±70 
degrees  from  the  zenith).  This  area  can  then  be  used  to  calculate  the  target 
fill  factor  for  a  given  antenna  beam  position. 

For  the  metal  target  scenarios  considered  here,  it  was  assumed  that  the  tar¬ 
get  was  non-emissive  (reflectivity  =  1),  3  m  wide  by  3  m  tall  by  6  m  long, 
and  head-on  to  the  sensor.  The  sensor  was  assumed  to  measure  the  scene 
from  nadir  angles  (angle  from  the  nadir)  of  90  degrees  and  30  degrees  for 
the  ground-to-ground  and  air-to-ground  scenarios,  respectively.  For  both 
views  of  the  target,  the  cross-sectional  target  area  was  calculated.  However, 
as  stated  earlier,  only  a  fraction  of  this  area  reflects  radiation  from  the  cold 
sky.  So,  as  an  approximation,  the  target  was  assumed  to  be  equivalent  to  a 
flat  plate  that  reflects  the  cold  sky  radiation  and  is  equal  in  size  to  50  per¬ 
cent  of  its  total  cross-sectional  area.  The  target  areas  used  were  4.5  m^  and 
10  m^  for  the  ground-to-ground  and  air-to-ground  scenarios,  respectively. 

Scene  temperatures  were  calculated  for  both  metal  target  scenarios.  These 
values  resulted  from  calculations  of  target  temperature,  atmospheric  attenu¬ 
ation,  and  atmospheric  emission,  all  of  which  contribute  to  the  final  signal 
present  at  the  sensor.  The  principal  difference  between  the  airborne  sensor 
and  the  ground-based  sensor  calculations  was  that  the  signal  propagating  to 
the  airborne  sensor  was  affected  by  clouds  and  other  altitude-related 
changes  in  attenuation  along  its  path.  In  the  ground-to-ground  scenario,  it 
was  assumed  that  the  attenuation  coefficient  remained  constant  on  the  path 
from  the  target  to  the  sensor. 

4.2  Landing  System 

The  aircraft-landing-in-fog  scenario  presented  other  challenges.  The  mod¬ 
eling  of  a  concrete  runway  surrounded  by  grass  requires  a  more  detailed 
representation  of  the  electromagnetic  properties  of  the  materials  involved. 
Each  reflects  and  emits  quantities  of  MMW  radiation  proportional  to  its 
reflectivity  and  emissivity,  respectively.  These  quantities  are  dependent  on 
polarization,  aspect  angle,  and  surface  roughness.  The  runway  can  be  con¬ 
sidered  smooth  at  MMW  frequencies  and  can  therefore  be  treated  as  a 
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specular  reflector  with  a  low  emissivity.  For  this  scenario,  an  aircraft 
approach  angle  of  4  degrees  and  a  horizontal  polarization  is  assumed.  Hori¬ 
zontal  polarization  is  chosen  to  enhance  the  contrast  between  the  concrete 
and  the  grass  [16].  The  runway  is  assumed  to  be  33  m  wide  and  800  m  long. 
The  emissivity  of  the  concrete  runway  is  assumed  to  decrease  as  the  cosine 
from  the  normal,  resulting  in  the  value  0.07.  The  grass,  on  the  other  hand, 
must  be  treated  as  a  diffuse  reflector  with  a  relatively  high  emissivity.  The 
small  amount  of  radiation  that  it  does  reflect  is  treated  as  an  average  tem¬ 
perature  of  the  entire  sky  (about  190  K  for  500-m  fog  depth)  [15].  For  this 
scenario,  it  is  assumed  that  the  grass  has  an  emissivity  of  0.9.  This  is  0.04 
less  than  the  normal  incidence  emissivity.  The  temperature  of  the  runway 
and  the  surrounding  grass  can  be  calculated  independently,  assuming  that 
the  reflectivity  of  the  runway  and  grass  are  equal  to  1  minus  their  emissivi- 
ties.  It  becomes  apparent  that  the  runway  primarily  reflects  the  horizon, 
which  has  a  temperature  of  about  290  K.  What  little  radiation  is  due  to 
emission  is  the  result  of  an  assumed  290  K  physical  temperature.  Therefore 
the  net  MMW  temperature  of  the  runway  is  about  290  K.  The  grass  can  also 
be  assumed  to  have  a  physical  temperature  of  290  K,  but  it  has  a  finite 
reflectivity  that  reflects  the  average  sky  temperature.  This  results  in  the 
grass  having  a  temperature  that  is  colder  than  the  runway.  Taking  the 
difference  between  the  runway  and  grass  temperatures  and  adjusting  for 
atmospheric  effects  between  the  scene  and  the  radiometer  results  in  the 
temperature  contrast  of  the  scene  present  at  the  antenna. 

The  following  pages  present  the  calculated  scene  temperature  results  for 
various  weather  conditions.  Ten  different  weather  scenarios  were  modeled. 
They  are:  three  different  water  vapor  conditions  with  clear  air,  two  fog 
types,  two  cloud  cover  types,  and  three  rain  conditions.  The  MMW  attenu¬ 
ation  coefficients  were  calculated  using  common  scattering  and  absorption 
models  for  water  vapor  and  droplets.  The  physical  atmospheric  temperature 
was  assumed  to  be  17°C  for  all  10  conditions.  The  water  vapor  values  used 
were  0.71,  7.15,  and  14.3  g/m^.  Two  fog  types  were  modeled:  100-  and 
24-m  visibility.  The  fog  was  assumed  to  extend  from  the  ground  up  to 
500  m.  The  first  cloud  model  was  a  cumulus  congestus  cloud  extending 
from  1000  to  2000  m.  The  second  was  a  stratus  cloud  extending  from  1000 
to  2000  m.  The  three  rain  rates  used  were  1,  5,  and  10  mm/hr.  Other 
atmospheric  parameters  are  presented  with  the  graphs. 

Assumptions  were  made  concerning  the  sensor  antenna  so  that  values  of 
spatial  resolution  and  beam  fill  factors  could  be  determined.  A  94-GHz,  3- 
by  3-ft  square,  fixed,  planar  antenna  was  used  for  these  calculations.  A 
beamwidth  coefficient  of  0.86  was  assumed,  which  results  in  a  beamwidth 
of  0.17  degrees  at  94  GHz.  This  corresponds  to  the  resolution  possible  with 
a  uniform  square  aperture.  Beyond  this,  no  assumptions  were  made 


concerning  the  sensor.  Losses  in  the  antenna  itself  were  considered  part  of 
the  receiver  noise  figure  and  not  considered.  The  scene  temperatures  calcu¬ 
lated  are  a  representation  of  the  signal  present  at  the  sensor  before  the 
antenna. 

Figures  1  through  4  show  the  results  of  the  ground-to-ground  scenario 
scene-temperature  calculations  versus  target-to-sensor  range.  As  stated 
before,  AT  is  the  scene  temperature  of  an  image  pixel  filled  by  background 
minus  the  scene  temperature  of  a  pixel  in  which  there  is  a  target.  The  refer¬ 
ence  line  on  the  graphs  at  AT  =  4  K  represents  an  arbitrary  minimum  tem¬ 
perature  resolution  of  a  radiometer,  although  values  at  least  an  order  of 
magnitude  lower  are  attainable.  The  target  size  used  for  this  scenario  is 
4.5  m\ 

Note  in  figures  1  through  4  that,  at  ranges  closer  than  1000  m,  there  is  an 
abrupt  change  in  the  slope  of  the  curves.  This  is  because  at  close  ranges  the 
antenna  beam  area  is  smaller  than  the  target.  When  target  range  increases, 
this  area  becomes  larger  than  the  target  and  the  beam  fill  factor  dominates 
the  shape  of  the  curve.  Also  note  that  temperature  contrast  is  degraded  most 
significantly  by  thick  fog,  cumulus  congestus  clouds,  and  rain  (fig.  2  to  4). 
Cumulus  congestus  clouds  affect  scene  contrast  by  increasing  the  amount 
of  the  downwelling  sky  radiation  as  opposed  to  fog  and  rain,  which  degrade 
the  scene  through  signal  attenuation  on  the  path  from  the  scene  to  the 
sensor. 


Figure  1.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
ground-to-ground 
scenario  in  clear  air 
with  various  water 
vapor  densities. 
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Figure  2,  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
ground-to-ground 
scenario  through  two 
fog  visibilities  (500-m 
fog  depth). 


Figures.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
ground-to-ground 
scenario  for  two 
cloud  cover  types 
(clouds  from  1000  to 
2000  m). 
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Figure  4.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
ground-to-ground 
scenario  in  various 
rain  rate  conditions. 


The  graphs  show  that  detection  ranges  vary  a  great  deal  with  changes  in 
environmental  conditions.  For  the  purposes  of  discussion,  I  define  the  range 
at  which  the  signal-to-noise  ratio  (S/N)  equals  1  to  be  a  figure  of  merit  re¬ 
ferred  to  as  the  noise  cutoff  (NC)  range.  Figure  1,  which  includes  the  0.71 
give?  water  vapor  situation,  shows  an  NC  range  of  greater  than  5  km  for  a 
sensor  with  a  minimum  temperature  resolution  of  4  K.  Figure  4  shows  that 
in  heavy  rain  the  same  sensor  would  have  an  NC  range  of  less  than  500  m. 
A  system  with  a  of  a  few  tenths  Kelvin  would  be  required  to  achieve 
an  NC  range  of  1  km  in  heavy  rain  (not  considering  background  clutter). 


Figures  5  through  8  show  scene  temperature  contrast  in  the  air-to-ground 
scenario  under  the  same  environmental  conditions  as  figures  1  through  4. 
The  scene  contrast  values  for  this  scenario  were  calculated  using  a  10-m^ 
target.  The  target  size  is  larger  than  in  the  ground-to-ground  scenario 
because  the  airborne  sensor  views  more  of  the  target  surface  area.  Also  note 
that  there  are  occasionally  two  abrupt  slope  changes  in  this  set  of  graphs 
(i.e.,  fig.  7).  This  is  due  to  the  beam-fill-factor  effect  described  earlier,  as 
well  as  attenuation  that  changes  with  range  as  the  signal  from  the  target 
scene  passes  through  varying  layers  of  clouds,  fog,  and  rain.  Overall,  the 
air-to-ground  scene  temperature  contrasts  are  equal  to  or  better  than  the 
ground-to-ground  case,  with  the  exception  of  the  rain  conditions.  Perfor¬ 
mance  is  better  because  the  fill  factor  is  larger  for  this  scenario.  This  sce¬ 
nario  is  worse,  though,  for  heavy  rain  situations,  where  the  signal  path  runs 
through  both  the  rain  and  cloud  deck  on  its  way  to  the  sensor. 


The  calculated  results  of  the  landing-aid  scenario  are  shown  in  figure  9. 
Only  the  fog  scenario  was  considered  for  this  case.  The  shapes  of  the  curves 
are  quite  a  bit  different  from  the  metal  target  scenarios.  This  is  largely  be¬ 
cause,  even  at  5  km,  the  runway  is  large  compared  to  the  pixel  size,  or 
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Figure  5, 

Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
air-to-ground 
scenario  in  clear  air 
with  various  water 
vapor  densities. 


Figure  6.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
air-to-ground  scenario 
through  two  fog 
visibilities  (500-m  fog 
depth). 
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Figure?.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
air-to-ground 
scenario  for  two 
cloud  cover  types 
(clouds  from  1000  to 
2000  m). 


Figure  8.  Calculated 
radiometer  scene 
contrast,  Ar(K),  for 
air-to-ground  scenario 
in  various  rain  rate 
conditions. 


beamwidth,  of  the  radiometer  antenna.  At  an  approach  angle  of  4  degrees, 
the  runway  appears  33  m  wide  by  56  m  tall,  and  at  a  range  of  5  km  the  an¬ 
tenna  pixel  size  is  about  15  by  15  m.  Therefore,  from  500  m  to  5  km,  the 
runway  is  always  bigger  than  the  image  pixel.  The  24-m  fog  shows  a 
quicker  drop  in  scene  contrast  than  the  100-m  fog,  as  is  expected. 

5.  Discussion 


The  graphs  presented  in  the  previous  section  show  the  scene  temperature 
contrast  present  at  the  sensor  antenna  (AT)  for  three  imaging  scenarios  in  a 
variety  of  environmental  conditions.  Given  a  sensor  with  some  minimum 
temperature  resolution,  the  results  indicate  the  NC  ranges  for  the 

target  scene.  Tables  1  through  3  summarize  these  results  in  terms  of  noise 
cutoff  ranges  for  each  of  the  scenarios  for  systems  with  temperature  resolu¬ 
tions  of  2, 4,  and  10  K.  The  discussion  that  follows  refers  to  the  4  K  system. 
The  2  and  10  K  systems  are  presented  for  comparison.  Radiometers  with 
temperature  resolutions  much  lower  than  2  K  have  been  demonstrated,  but 
higher  values  were  chosen  for  this  study  since  these  values  are  easily 
realized. 

Tables  1  through  3  show  that  the  maximum  NC  range  increases  as  system 
temperature  resolution  improves.  They  also  show  that  steady-to-heavy  rain 
and  dense  fog  have  the  worst  effect  on  MMW  radiometer  performance.  In 
the  ground-to-ground  scenario  (table  1),  the  sensor  with  a  ATj^^  of  4  K  has 
an  NC  range  greater  than  2  km,  except  in  drizzle/rain  conditions  and  the 
heavy  fog  condition.  By  comparison,  the  heavy  fog  does  not  have  as  severe 
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Table  1.  Noise  cutoff  ranges  for  ground-to-ground  metal  target  scenario  for  various  environmental 
conditions  and  temperature  resolutions.  Ambient  temperature  =  17°C. 


Environmental  condition 

Noise  cutoff  range  (km) 
forgiven 

2K 

4K 

10  K 

5%  relative  humidity,  clear  air 

>5.0 

>5.0 

3.9 

50%  relative  humidity,  clear  air 

>5.0 

4.7 

3.2 

100%  relative  humidity,  clear  air 

5.0 

3.9 

2.7 

100-m  visibility  fog 

4.2 

3.4 

2.4 

24-'m  visibility  fog 

1.8 

1.5 

1.2 

Stratus  clouds  1000  to  2000  m 

>5.0 

3.9 

2.6 

Cumulus  congestus  clouds  1000  to  2000  m 

2.9 

2.2 

1.5 

Drizzle,  1  mm/hr,  cumulus  congestus 

2.1 

1.7 

1.2 

Steady  rain,  5  mm/hr,  cumulus  congestus 

1.3 

1.0 

0.7 

Heavy  rain,  10  mm/hr,  cumulus  congestus 

<0.5 

<0.5 

<0.5 

Table  2.  Noise  cutoff  ranges  for  air-to-ground  metal  target  scenario  for  various  environmental  conditions 
and  temperature  resolutions.  Ambient  temperature  =  17X. 


Environmental  condition 

Noise  cutoff  range  (km) 
forgiven 

2K 

4K 

10  K 

5%  relative  humidity,  clear  air 

>5.0 

>5.0 

>5.0 

50%  relative  humidity,  clear  air 

>5.0 

>5.0 

5.0 

100%  relative  humidity,  clear  air 

>5.0 

>5.0 

4.2 

100-m  visibility  fog 

>5.0 

>5.0 

3.9 

24-m  visibility  fog 

4.6 

3.3 

2.1 

Stratus  clouds  1000  to  2000  m 

>5.0 

>5.0 

3.5 

Cumulus  congestus  clouds  1000  to  2000  m 

3.1 

2.2 

1.7 

Drizzle,  1  mm/hr,  cumulus  congestus 

2.2 

1.8 

1.4 

Steady  rain,  5  mm/hr,  cumulus  congestus 

1.3 

0.8 

<0.5 

Heavy  rain,  10  mm/hr,  cumulus  congestus 

<0.5 

<0.5 

<0.5 

Table  3.  Noise  cutoff  ranges  for  landing-aid  scenario  for  various  environmental  conditions  and  temperature 
resolutions.  Ambient  temperature  =  17‘^C. 


Environmental  condition 

Noise  cutoff  range  (km) 
forgiven 

2K 

4K 

10  K 

100-m  visibility  fog 

>5.0 

>5.0 

>5.0 

24-m  visibility  fog 

1.8 

1.1 

<0.2 
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an  effect  in  the  air-to-ground  scenario  (table  2).  This  is  because,  as  range 
increases  the  sensor  emerges  from  the  fog  bank  and  therefore  does  not 
experience  fog  attenuation  over  the  full  path  length  to  the  target.  Also  note 
the  decrease  in  NC  range  that  results  from  cloud  cover  in  the  metal  target 
scenarios. 

One  limitation  of  these  results,  however,  is  that  clutter  has  not  been  consid¬ 
ered.  There  will  undoubtedly  be  objects  in  the  scene  (metal,  concrete, 
water,  etc.)  that  are  not  the  target  of  interest.  These  objects  could  affect  the 
temperature  of  an  image  pixel  enough  to  generate  significant  false  alarms. 
In  addition,  background  that  is  otherwise  thought  to  be  uniform  could  have 
a  MMW  temperature  variation  of  up  to  3  K  [6].  To  effectively  determine 
what  in  the  scene  is  a  target  and  what  is  clutter,  the  sensor  has  to  image,  or 
spatially  resolve,  the  target  as  well  as  detect  it.  Resolving  a  target  (deter¬ 
mining  its  approximate  size)  requires  that  the  sensor’s  beamwidth  be,  at 
most,  half  the  size  of  the  target,  as  described  by  the  Rayleigh  criteria. 
Figure  10  presents  the  spatial  resolution  or  pixel  size  of  the  95-GHz,  3-  by 
3-ft  square  antenna  that  was  used  in  the  scene  temperature  calculations  as  a 
function  of  range. 

The  graph  shows  that,  for  the  head-on  metal  target  (3  m  wide  by  3  m  tall), 
the  target  is  two  pixels  wide  at  about  500  m.  A  broadside  metal  target  6  m 
long  would  have  about  two  pixels  on  target  at  a  range  of  1  km.  Obviously, 
with  an  antenna  of  this  size,  tank-type  targets  could  not  be  resolved  to  allow 
recognition  at  ranges  greater  than  1  km,  despite  the  fact  that  detection  (S/N 
=  8  dB)  is  possible  at  larger  ranges  in  a  variety  of  environmental  conditions. 
This  limits  this  type  of  sensor  to  applications  involving  close-range,  foul- 
weather  imaging,  or  cueing  of  higher  resolution  sensors. 


Figure  10.  Spatial 
resolution  of  3-  by  3-ft 
square  antenna  at 
94  GHz.  Beamwidth 
constant  0.86. 
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The  landing-aid  scenario,  however,  does  not  have  this  problem.  The  run¬ 
way  fills  two  pixels  out  past  4  km  with  a  3-  by  3-ft  square  antenna  so 
resolution  is  not  an  issue.  However,  scene  contrast  is  not  that  high  (fig.  9). 
Detection  (S/N  =  8  dB)  at  1  km  of  a  concrete  runway  in  a  dense  fog  would 
require  a  sensor  with  a  temperature  resolution  of  0.6  K  or  better. 

These  results  allow  us  to  draw  conclusions  concerning  the  potential 
performance  of  this  type  of  sensor  for  the  three  scenarios  considered.  The 
results  from  the  air-to-ground  metal  target  scenario  indicate  that,  under  cer¬ 
tain  conditions,  this  sensor  has  the  spatial  resolution  and  S/N  required  to 
image  metal  targets.  If  ranges  do  not  exceed  1  km,  then  the  system’s  spatial 
resolution  is  sufficient  to  image  individual  tank-sized  targets.  Beyond  1  km, 
the  system  may  be  able  to  detect  targets,  but  not  determine  target  sizes. 
Larger  targets  or  groups  of  targets  could  be  imaged  and  recognized  at 
greater  ranges.  At  1  km,  the  sensor  shows  good  performance  in  all  the  envi¬ 
ronmental  conditions  considered,  except  heavy  rain.  As  shown  in  table  2, 
the  noise  cutoff  range  in  thick  cumulus  clouds  extends  to  2.2  km  with  a  4-K 
system  noise  temperature.  Therefore,  one  application  of  this  sensor  is  the 
detection  or  imaging  of  tank-sized  metal  ground  targets  from  an  altitude  of 
1  km  in  the  clouds  or  above  a  fog  bank.  The  cloud/fog  cover  takes  full  ad¬ 
vantage  of  the  covert  nature  of  the  sensor,  while  still  allowing  target  imag¬ 
ing  or  detection.  The  sensor  could  be  used  at  greater  ranges  to  detect  larger 
targets  or  target  configurations  that  may  allow  a  degree  of  recognition.  Us¬ 
ing  the  sensor  in  clear  air  would  not  be  useful  because  of  the  sufficient  qual¬ 
ity  of  IR  and  video  sensors  under  these  conditions. 

In  the  landing-aid  scenario,  the  scene  contrast  is  marginal  in  both  fog  condi¬ 
tions  because  of  the  assumed  system  thermal  sensitivity  of  4  K.  A  system 
with  a  0.6-K  thermal  sensitivity,  however,  could  be  used  for  imaging  in  this 
scenario.  Even  in  dense  fog,  the  results  show  that  detection  of  a  runway 
would  be  possible  at  1  km.  At  this  range  the  runway  is  five  image  pixels 
wide,  so  good  target  resolution  is  also  possible.  Detecting  unimproved  dirt 
or  grass  runways  would  probably  only  be  practical  if  active  or  passive 
beacons  arc  used. 

The  ground-to-ground  scenario  presents  the  poorest  performance  of  the 
three  scenarios.  This  is  because  the  target  is  smaller  and  therefore  resolved 
only  at  closer  ranges.  The  range  required  for  imaging  a  6-m-wide  target 
(broadside  tank)  with  a  3-  by  3-ft  square  antenna  is  1000  m.  Given  this  and 
the  results  from  table  1,  the  best  applications  for  the  ground-based  imager 
would  be  those  that  require  it  to  image  individual  targets  at  ranges  of  500  to 
1000  m  in  fog.  Under  these  conditions,  the  sensor  is  limited  not  by  the  fog, 
but  by  the  imager’s  spatial  resolution.  As  in  the  air-to-ground  scenario, 
operation  at  longer  ranges  would  be  possible  if  only  target  detection  is 
required.  However,  the  sensor  could  image  larger  targets,  such  as  installa¬ 
tions  or  groups  of  vehicles,  from  ranges  greater  than  1  km.  In  atmospheric 
conditions  other  than  fog,  a  ground-based  passive  MMW  sensor  would 
have  no  advantage  over  other  passive  sensors  with  better  spatial  resolution. 
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6.  Conclusion 


This  report  presents  scene  temperature  calculations  for  a  94-GHz  passive 
MMW  imager  in  ten  different  environmental  conditions  and  for  three  target 
scenarios  of  interest  to  the  Army.  This  study  was  conducted  to  determine 
the  environmental  conditions  under  which  passive  imaging  quality  de¬ 
grades.  In  the  case  of  armored  vehicle  imaging,  it  was  found  that,  for  a  3- 
by  3-ft  square,  94-GHz,  fixed  antenna,  spatial  resolution  limits  image  qual¬ 
ity  before  most  environmental  conditions  do.  In  the  ground-to-ground  sce¬ 
nario,  resolution  of  a  tank- sized  target  occurs  between  500  and  1000  m, 
where  only  10-mm/hr  rain  limits  the  sensor’s  noise  cutoff  range.  In  the  air- 
to-ground  scenario,  the  resolution  range  is  about  1  km  where,  again,  only 
rain  limits  the  image  quality  further.  Such  a  sensor,  used  to  image  tank¬ 
sized  targets,  would  be  restricted  to  use  at  close  range  and  in  foggy 
(ground-based  or  airborne)  or  cloudy  (airborne  only)  weather,  where  other 
types  of  passive  sensors  fail.  Detection  of  large  targets  or  arrays  of  targets  is 
possible  at  greater  ranges,  however.  In  addition,  the  landing-aid  scenario 
has  been  shown  to  be  a  potentially  good  application  for  a  passive  MMW 
sensor,  given  a  sufficient  system  thermal  resolution. 
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